Prediction of sediment transport dynamics following dam removal usually requires extensive field data, the collection of which requires both resources and time. Certain management decisions regarding dam removal, however, may be required before resources may be allocated to provide sufficient data to evaluate whether dam removal is a viable option. Here, we present a case study and demonstrate that some aspects of the sediment transport characteristics following dam removal can be evaluated with very limited information. The case study in question involves J.C. Boyle, Copco, and Iron Gate Dams on the Klamath River, California which together have an estimated 12 million m 3 of sediment deposited in their reservoirs. With a reconnaissance field observation and upon examination of the very limited existing field data, we determined that it is possible to evaluate the potential for sediment deposition downstream of the dam following the removal of the dams under the worst-case-scenario assumptions. The evaluation was carried out with the help of DREAM-1, one of the Dam Removal Express Assessment Models developed at Stillwater Sciences. Results of the assessment indicate that potential sediment deposition would occur only for a brief period within approximately 10 km downstream of the dam with a maximum thickness of sediment deposition no more than 1.2 m.
Introduction
Dams are basic infrastructures designed and constructed with a certain life expectancy in mind. When a dam reaches its life expectancy and becomes noneconomical or unsafe to operate, it will need to be refurbished or decommissioned. Other than economic and safety reasons, dams are more frequently considered for removal as a mitigation measure to correct unforeseen ecological consequences. For dams being considered for removal to improve ecological functions, a primary question is whether feasible methods of dam removal will pose a greater threat to the ecosystem than leaving the dam in place. One of the key technical and economical considerations in a dam removal project is the management of sediment deposited in its reservoir. The sediment in the reservoir will be released to the downstream reach upon removal of the dam if it is not mechanically removed prior to dam removal. There are many concerns with a downstream release of reservoir sediment, including ecological (e.g., damages to spawning habitat), environmental (e.g., prolonged high turbidity, release of chemicals and nutrients), and infrastructural (e.g., damages to bridges, pipeline crossings, and water intakes). In many cases, extensive field data are needed in order to conduct the necessary analysis to successfully address those concerns (e.g., Cui and Wilcox, in press ). The dilemma is that field data collection, particularly on the morphology and grain size of the reservoir sediment, can be extremely time consuming and expensive. A preliminary evaluation of the potential downstream effects of dam removal with limited data may help narrow dam removal options. For example, if a preliminary examination using a reasonable range of reservoir conditions reveals that the release of reservoir sediment will result in unacceptable ecological consequences, resources can be redirected to find solutions that will involve little or no sediment release or other ecological improvements that do not involve dam removal.
Although it is usually not possible to fully answer questions and concerns regarding sediment release without first collecting sufficient field data, it is often possible to conduct some analysis and answer some limited questions with minimal field data collection or existing data. Here we present a preliminary worst-case-scenario study of the downstream sediment deposition from sediment release following the removal of J.C. Boyle, Copco, and Iron Gate dams on the Klamath River (Figure 1 ) as an example of how minimal field data can be used to reach useful preliminary conclusions. In the study presented here, the primary question addressed was the likelihood of sediment deposition downstream of the dam. A significant potential increase in flooding was seen as a non-acceptable impact to downstream reaches. The worst-case-scenario analysis was used to examine whether significant sediment deposition would occur, which in turn would result in increased flooding potential. The worst-case-scenario employs an unlikely set of conditions that would serve to to become flatter and wider in the downstream direction ( Figure 2 ).
There has been no systematic coring of the sediment deposits in any of the reservoirs. Eilers and Gubala (2003) (Eilers and Gubala 2003) . Because the historical river valley is still visible from the bathymetric survey of Eilers and Gubala (2003) , it is therefore most likely that the Klamath River will resume and vacate all the sediment within its historical channel. If the reservoir is drawn down rapidly following dam removal, the majority of the sediment outside of the main channel may be left behind to form terraces, and thus, the lack of information regarding storage within the bankfull channel may result in significant error in estimating the type and amount of sediment to be released following dam removal, despite the high likelihood that the main channel sediment constitutes only a small portion of the total sediment deposit. The sediment composition in each reservoir was estimated based on 29 shallow cores collected within the Project reservoirs, including 4 in J.C. Boyle, 18 in Copco, and 7 in Iron Gate Reservoirs (Eilers and Gubala 2003) . The portion of sand and coarser sediment is relatively low for a gravel bed river. In J.C. Boyle, Copco, and Iron Gate reservoirs, the proportion of material sand-sized and coarser was approximately 20%, 1%, and 20%, respectively, and the remainder of the sediment in these reservoirs was silt and clay (Eilers and Gubala 2003) . This is likely due to a combination of upstream lakes and reservoirs (Upper Klamath Lake, Lake Ewauna, and Keno Reservoir) which trap all the coarse sediment. In addition the Klamath River drains Western Cascade Volcanic geology, which yields primarily fine sediments. The grain size estimate is highly uncertain as a result of low sampling density.
Approach
A one-day reconnaissance-level field trip was conducted to familiarize with the project. Observations during the field trip strengthened our assessment based on available data that it is highly likely that the combination of steep slope, confined channel, high discharge, coarse bed surface downstream of the dams, and fine grain size of the reservoir deposit will result in minimal sediment deposition downstream of Iron Gate Dam. Although the limited resources available prohibit a thorough study of the sediment transport process following the removal of the dams, it is possible to conduct a preliminary analysis under the worst-case-scenario to validate the assessment that sediment deposit downstream of the dam will be minimal. The worstcase-scenario evaluation would be conducted with the help of DREAM-1, one of the Dam Removal Express Assessment Models (Cui et al., in press [a,b] ).
DREAM-1, which implements Brownlie's (1982) bed material equation for sand transport, is a one-dimensional sediment transport model designed to assess sediment transport and deposition following dam removal for reservoir deposits composed primarily of non-cohesive fine sediment (Cui et al., in press [a, b] ). The majority of the sediment in the Klamath River reservoirs is silt and clay as discussed earlier, which likely is at least somewhat cohesive. Because extensive field testing is required to calibrate parameters for cohesive sediment transport (e.g., Partheniades 1962) and resources for such testing were not available, we decided to apply an unmodified version of DREAM-1 that neglects cohesiveness of the reservoir deposit. Because the cohesiveness of a sediment deposit holds sediment particles together and therefore reduces the rate of erosion, neglecting cohesiveness will result in a lower erosion rate of the sediment deposit in the simulation than would actually occur, which translates to a higher predicted sediment deposition downstream of the dam. That is, neglecting cohesiveness satisfies the principle of the worst-case-scenario assumption in terms of predicting downstream sediment deposition.
Two hydrological conditions representing dry and wet conditions were selected to conduct the simulation so that the potential hydrological conditions that favor downstream sediment deposition can be encompassed. We expect that wet conditions will cause the greatest amount of reservoir erosion while dry conditions will increase the likelihood of sediment deposition. The dry and wet hydrological conditions were selected from the hydrological record so that both annual run-off and peak flow will have exceedance probabilities of approximately 90% for the dry year and 10% for the wet year (Figure 3 ). Additional details regarding the hydrological conditions can be found in Stillwater Sciences (2004) and are not discussed here.
The grain size and spatial distributions of the reservoir deposits are two additional important factors that have a strong effect on the outcome of a DREAM-1 simulation (Cui et al., in press [b] ), and neither of them is available in sufficient detail. Assuming an average slope of 0.0025, a channel width of 46 m (Figure 2) , and a Manning's n value of 0.04, and assume that a sediment particle will be suspended if 1 ) u /( v * s < κ , where v s denotes particle settling velocity; κ denotes von Karman constant; and u * denotes shear velocity (van Rijn, 1984) , it is found that particles finer than 0.42 mm will be suspended at a rather mild discharge of 85 m 3 /s, which, on average, is exceeded approximately 20% of the time over the 42-year record at the Iron Gate Dam site (Figure 3 ). To conform with the worst-case-scenario analysis, it is assumed that sediment coarser than 0.0625 mm will not be suspended, which results in more sediment available for deposition downstream of the dam. To further increase the safety factor of a worst-case-scenario simulation, it is assumed that 5% and 30% of the sediment deposits in Copco and Iron Gate Reservoirs, respectively, are coarser than 0.0625 mm (i.e., sand and coarser) compared to the 1% and 20% estimate by Eilers and Gubala (2003) , increasing the fraction of coarse sediment in Copco and Iron Gate Reservoirs by factors of 5 and 1.5, respectively. The grain size distribution of the sediment deposit coarser than 0.0625 mm is assumed arbitrarily, shown in Figure 4 . The median grain size of this assumed grain size distribution should be at least comparable to the field data, if not much coarser, based on the limited information provided in Eilers and Gubala (2003) and observations during the field reconnaissance. Spatial distribution of the sediment deposit in a reservoir affects how much sediment will be released following the removal of the dam. As stated above, the historical river valley is still visible in the bathymetric survey, and the historical channel will likely be reoccupied following dam removal. Large amount of sediment erosion outside of the historical main channel is unlikely because of the fine sediment composition in the reservoir deposit, which allows the flow to cut down through the sediment quickly following dam removal, leaving the remaining sediment in place as terraces. Once confined within the historical main channel, the erosion resistant predam river bank will prevent the flow from eroding sediment outside of the historical channel. The longitudinal location of sediment deposit within the historical channel also affects how fast the sediment will be released passing the dam site once the dam is removed, and thus the depositional pattern downstream of the dam. The more sediment is located closer to the dam, the higher downstream deposition would occur due to the reduced attenuation effects. As discussed earlier, information on sediment deposition within the historical main channel is not available.
To adhere to our worst-case-scenario estimate, the following procedures were employed to estimate the sediment volume that will be eroded following dam removal: (1) calculating average depth of sediment deposition within each reservoir using the estimated deposition volume (Table 1 ) and area of sediment deposition; (2) assuming the average sediment depositional depth within the historical main channel area is 5 times greater than the average value of the reservoir; (3) assuming the width of the historical main channel is similar to the current main channel downstream of Iron Gate Dam; and (4) assuming the sediment deposit within the main channel is distributed as a triangular wedge that extends from upper end of the reservoir to the dam, with the maximum thickness at the dam site that equals to twice the average thickness of the sediment deposit within the main channel (this reduces attenuation discussed above). A rough estimate of the sediment that can be released downstream upon dam removal given these assumptions is provided in Table 2 , and the resulting longitudinal profile is shown in Figure 5 . Note that DREAM-1 simulation assumes a trapezoidal channel and the actual amount of sediment released during simulation will be slightly different from this estimate. The assumed sediment releases from Copco and Iron Gate reservoirs in Table 2 constitute 50% and 34% of the total sediment deposit in the two reservoirs, respectively. Two additional observations further increase the likelihood that the actual sediment release will be smaller than the assumed values. First, the sediment deposits in the reservoirs are mostly composed of fine sediment, which will be spread relatively evenly throughout the reservoir area rather than concentrating in the main channel area. Secondly, coarser sediment in the reservoirs is fed exclusively from the tributaries, and thus, is most likely deposited in the respective tributary deltas. Due to the large water depth in the reservoirs, the tributary deltas are far away from the historical Klamath River main channel, and thus delivery of coarse sediment from the tributary deltas will be attenuated by the time required for the tributaries to transport sediment to the mainstem following the removal of the dams. In addition, the assumed triangular wedge shown in Figure 5 concentrates most of the sediment deposit closer to the dam, which will result in a higher sediment deposition immediately downstream of the dam because of the reduced attenuation.
A series of assumptions had been used here to ensure that the simulation will produce a worst-case-scenario result in terms of downstream sediment deposition following the removal of the dams. In a brief summary, the assumptions include: (a) to neglect the possible cohesiveness of the sediment deposit; (b) to include part of the finer fractions of sediment that is most likely transported as suspended sediment in the simulation; (c) to assume a potentially much coarser grain size distribution than is likely; (d) to assume a higher sediment volume that can be released downstream following dam removal; and (e) to assume a sediment wedge that concentrates more sediment closer to the dam.
We can therefore conclude with relatively high confidence that very little sediment deposit will occur downstream of the dams following the dam removal, if simulation results under the worst-case-scenario assumptions confirm our early assessment. If, on the other hand, the simulation results indicate relatively large amount of downstream sediment deposition, more field data would have to be collected to ascertain whether sediment deposition would be likely under a more realistic scenario. Table 2 and Figure 5 . Furthermore, the diversion tunnel used during the construction of Iron Gate Dam is used to draw down the water surface in the reservoir Four runs were simulated, two each for the assumed dry and wet hydrological conditions, respectively. For each assumed hydrological condition, a simulation was conducted to simulate sediment erosion, transport, and deposition characteristics with uncontrolled release from the diversion tunnel (and no dam removal). A second run is then conducted for each hydrological condition to simulate a six-month drawdown with the diversion tunnel followed by a complete dam removal. The two runs assumed to start the drawdown during the base flow season on July 1, which continued until December 30 in the high flow season, upon which the dam would be removed completely. Here only Run 2 is presented, which simulates dam removal after six months drawdown under the assumed dry hydrological conditions. Results of Run 2 are shown in Figure 6 and Figure 7 for thickness of sediment deposition and bed elevation, respectively. 
Simulation and Results
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Discussions and Conclusions
Because of the steep slope, confined channel, high discharge, coarse bed surface downstream of the dams, and the fine grain size of the reservoir deposit, it was estimated that the removal of J.C. Boyle, Copco, and Iron Gate Dams will not result in significant sediment deposition downstream of the dams. A worst-casescenario DREAM-1 simulation was conducted to confirm this assessment. Results of the simulation indicate that sediment deposition is limited to within approximately 10 km downstream of the Iron Gate Dam with a maximum thickness of sediment deposition less than 1.2 m. Results of the simulation also indicate the sediment deposition will last no more than 6 months (i.e., by the end of the first winter high flow season) following the final removal of Iron Gate Dam.
Results of this simulation are based on available information, and the results should be viewed as the worst-case scenario and treated as preliminary. Better characterization of reservoir sediment deposits, both in their spatial and grain size distributions, would help increase the confidence level of the assessment, which will likely result in significantly reduced magnitude of sediment deposition within the main channel downstream of the dam.
In addition, the model is one-dimensional and employed a very coarse grid system (1.6 km). Because of the limitations of sediment transport modeling in general, sediment deposition in areas such as deep pools and channel margins cannot be assessed. It can be expected that there would be sediment deposition in pools during low-flow periods, which would be flushed out during high-flow events. Sediment deposition would also occur on floodplains due to the fine grain size of reservoir deposits, if over bank flow is to occur.
While we did not specifically model flood risk, the modeling indicates that if there is an increased risk, it would be short-lived. If a high recurrence interval flow does occur, it might results in an increased stage height in the river, but the high flow would act to rapidly transport sediment, possibly during the rising stage of the flood, thereby minimizing the time period of elevated stage.
One of the major potential biological impacts of dam removal could result from increased suspended sediment concentrations and turbidity levels (e.g., Newcombe and Jensen 1996) . Modeling results do not include suspended sediment concentrations. More field data, preferably collected during a reservoir drawdown experiment, would be needed to derive parameters that could be used to quantify the reservoir erosion process and allow credible modeling of suspended sediment concentration following dam removal.
It is useful to reiterate that the case study presented in this paper provides an example of a preliminary worst-case-scenario evaluation that utilizes the limited existing information with a single focus in mind, i.e., to confirm the judgment that sediment deposition downstream of Iron Gate Dam following the removal of the three dams will be minimal. Back-of-the-envelope evaluations similar to that presented in this paper may be conducted for other dam removal projects prior to resource intensive field data collections. The general methodology could be applied to other projects, but the parameters to be evaluated and degree of accuracy depends on the objectives of the project, the specific site characteristics, and existing field data. For different objectives, it may be more appropriate to use a best-case-scenario evaluation. For example, if the most pressing issue is suspended sediment concentrations, and initial evaluation indicates that suspended sediment concentration will be high enough to cause unacceptable ecological consequences, it may be worthwhile to examine whether sufficient data exists to evaluate the suspended sediment concentration under a best-case-scenario. Under such a best-case-scenario assumption, parameters with considerable uncertainty would be chosen at values so as to minimize the likelihood of sediment suspension. If such a best-case-scenario evaluation is possible, and its results indicate that the suspended sediment level is indeed unacceptable even under the best-case-scenario conditions, it would be safe to conclude that release of the sediment is not an option and different alternatives should be examined. If such a best-case-scenario evaluation cannot be conducted or its results indicate that there would not be a suspended sediment problem, more field data would need to be collected to reduce uncertainty so that a more accurate evaluation can be conducted.
